INTRODUCTION
When an enzyme preparation catalyses two different reactions, it is often of interest to know whether these can be interpreted as competitive reactions occurring at the same active site, or whether the data are more easily explained in terms of multiple active sites (or multiple enzymes in the case of preliminary studies of unpurified enzymes). Detailed kinetic study of the two reactions may well shed light on this question, especially if the two rates can be measured independently of one another. However, if the existence of multiple sites is the primary question of interest, one may well want to have some information about it very early in the investigation, before the enzymes have been purified, before thorough examination of their kinetics, and before committing a significant amount of perhaps precious material to an investigation that may have little point if the multiple reactions are likely to be due to a mixture of enzymes. In the past, the question arose most often in attempts to characterize activities of unpurified enzymes with small substrates, such as the investigation of arylsulphatase by Webb and Morrow (1959) ; however, it applies equally well to the specificity of more complex systems, such as protein kinases, where it is often difficult to obtain enzymes and natural substrates in sufficient quantities-for kinetic investigation.
Although mixed-substrate experiments can yield information about multiplicity of sites, textbook accounts (e.g. Segel, 1975; Dixon and Webb, 1979) The competition plot is illustrated in Figure 1 , where competition for one site is contrasted with two other types of behaviour that can arise from fairly simple models: completely independent reactions generate a curve with a maximum; antagonistic reactions, in which each substrate is more effective at inhibiting the other reaction than at promoting its own, generate a curve with a minimum.
If the two reactions occur at the same site, the form of the competition plot is independent of the value of vo. However, to maximize the chances of observing any departure from the behaviour expected for competitive reactions it is best to make it as high as possible, i. The total rate of reaction is measured for mixtures of substrates at concentrations (1 -p)ao and Pbo, where the reference concentrations ao and bo are chosen so that they give equal rates in experiments with only-one substrate present, and this total rate is plotted against p. If the two reactions occur at the same site, the rate does not vary with p; if the two reactions occur at two sites with no interaction, the plot gives a curve with a maximum; if each substrate is more effective at inhibiting the other reaction than in reacting in its own, the plot gives a curve with a minimum. Note that when curves are obtained these are not in general symmetrical about p = 0.5.
in the mixtures should be expressed as a = ao(l -p)t/hA and b = bopllhB to give a plot of total rate against p with the same properties as those described. 
THEORY
Define now a reference concentration ao such that the rate VA has some value vo in the absence of B when a = ao, and a reference VAao VBbo KmA + aO KmB + bo°I f a and b are varied together in such a way that a = (I-p)ao} p = 0 .1 (7) then the total rate as p is varied is:
(1 -p) (l + ao/KmA) +p(l + bO/KmB) Defining p as before, the sum of the two rates given by eqns. Figure   3a , where the limiting rates have been assumed to be of similar, but not identical, magnitude (VJ,/V. = 1.5), and ao/K,,,, has been set to 1. The curves for K,n,JKi, = 1 and K,,IK,, = 0 correspond to competition for one site and independent reactions respectively: although the curvature in the latter case is not very great, with a maximum departure from constancy of about 25 ),), it is nonetheless large enough to permit these two models to be distinguished in practice without demanding an unrealistic degree of experimental precision. In any case, the sensitivity can be substantially improved by using higher substrate concentrations, as is illustrated in Figure 3b , where all the curves are recalculated for a0l/K., = 5 and deviate from constancy by much larger amounts.
Note that the curves are not symmetrical about p = 0.5, but have extrema biased towards saturation of the enzyme with the higher limiting rate. This asymmetry may be quite pronounced, especially in the case of antagonistic reactions, if the limiting rates of the two reactions are very different (Figure 4 ). To be sure (3) and (4) apply to the mechanisms of Figure  2 (a) and 2(b) equally well, with only the definitions of the kinetic parameters in terms of rate constants altered. Consequently it makes no difference to the competition plot whether the two substrates bind to the same or different conformations, provided that they bind in such a way that only one can be bound at one time.
Reactions that deviate from Michaelis-Menten kinetics
In anialysing the competition plot we have hitherto assumed that the two competing reactions both obey Michaelis-Menten kinetics, but it would be useful to know whether this assumption is necessary, i.e. to know whether the competition plot will give the same result for competing reactions that deviate from Michaelis-Menten kinetics. Answering this in a general way is complicated, but one can obtain an idea of the result by assuming that such enzymes display a constant Hill coefficient over the range of the experiment. Although the relationship of this assumption to models of co-operativity with a secure theoretical base is not very obvious, many enzymes obey it surprisingly well in practice, especially if the co-operativity is positive (see e.g. Cornish-Bowden and Koshland, 1975) . One may expect it, therefore, to give a reasonable basis for predicting the behaviour of the competition plot when applied to non-Michaelian enzymes.
If one attempts to derive eqn. (8) after replacing a and b in eqns. (3) and (4) by a'A and bhB respectively, i.e. assuming Hill coefficients of hA and hB respectively, it proves to require the condition (1 p)hA +phB = 1, which is true only if hA = hB = 1, i.e. if the Hill model simplifies to the same Michaelis-Menten kinetics that have been considered already. If both Hill coefficients are greater than one (i.e. if both reactions show positive co-operativity), the curve shows a minimum, and if both are less than one it shows a maximum. Ricard et al., 1972) and structural (Fletterick et al., 1975) . On the other hand, the activity of yeast hexokinase towards galactose is low, and galactokinase has no detectable activity towards glucose (Heinrich, 1964) . Accordingly, a competition plot for hexokinase-catalysed phosphorylation of glucose and fructose ought to show no variation in rate, whereas a plot made for phosphorylation of glucose and galactose catalysed by a mixture of these enzymes should show a maximum. As shown in Figure 6 , the results were as expected.
Another example is provided by acetohydroxy acid isomeroreductase from spinach chloroplasts: studies of the effect of 2-acetolactate on the kinetic parameters for the reaction with 2-aceto-2-hydroxybutyrate were interpreted by supposing that these two substrates compete for the same enzyme form (Dumas et al., 1992) ; subsequent investigation (D. Job, personal communication) has shown that the competition plot leads more directly and simply to the same conclusion.
The competition plot thus offers a simple solution to a problem that can appear at first sight difficult or complicated. Although mixed-substrate experiments have long been used for investigating whether multiple activities are best explained in terms of multiple active sites, they have never yielded their full potential, because they have not usually been designed to yield simple behaviour when the simplest plausible model applies. For [Galactosel (mM) which neither substrate had any effect on the other reaction: not a very likely model for two such similar substrates.
The competition plot has some similarities with the 'constantvelocity plot' of Whitehead (1984) , but it is experimentally less demanding. The constant-velocity plot requires determination of the combinations of two concentrations that generate the same velocity. [In the discussion of Whitehead (1984) these were two effector concentrations, as they also were in the experiments of Mastrantonio et al. (1983) on donkey spleen deoxycytidate aminohydrolase, but the same ideas could be applied to substrates.] For each such velocity the two concentrations are plotted against one another, and the forms of the lines obtained and their intersection points allow one to deduce information about the binding sites.
There is no doubt that the constant-velocity plot is a powerful method that could profitably be used more widely than it has been. However, it is less straightforward to use than the competition plot, where instead of determining combinations of concentrations that do in fact give the same rate one sets up reaction mixtures that ought to give the same rate if the simplest model is valid. The competition plot also has the advantage of being a null method, i.e. it has a predicted effect of zero, so that to the limit of the experimental accuracy even the smallest deviation from constancy provides evidence against the simplest model.
Although the presence of a maximum or a minimum in the competition plot is sufficient to rule out competition for a single site, the converse is not necessarily true, because fortuitous cancellation of terms in more complex models can also lead to a rate independent of the proportions of substrates. However, such fortuitous cancellation is expected only at one particular rate, and thus should be easily recognized if experiments are carried out over as wide a range of rates as possible.
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